The FLP protein of the 2/xm plasmid of Saccharomyces cerevisiae promotes conservative site-specific recombination between DNA sequences that contain the FLP recognition target (FRT). FLP binds to each of the three 13 base pair symmetry elements in the FRT site in a site-specific manner. We have probed both major and minor groove contacts of FLP using dimethyl sulphate, monoacetyl-4-hydroxyaminoquinoline 1-oxide and potassium permanganate and find that the protein displays extensive interactions with residues of both the major and minor grooves of 10 base pairs of each symmetry element. We find no evidence that the FRT site assumes a single-stranded conformation upon FLP binding.
INTRODUCTION
The l/itn plasmid of yeast encodes the FLP recombinase which catalyses site-specific-recombination between DNA duplexes carrying FRT sites. Each FRT site consist of three, 13 base pair symmetry elements (elements a, b and c). Symmetry elements a and b are in inverted orientation and surround an 8 base pair core region. Element c is in the same orientation and on the same side of the core as element b (see figure 1) . Binding of FLP to the FRT sites is the initial event in the process of recombination. Interaction of the FLP protein with the FRT site produces three distinct protein -DNA complexes that are the result of the successive interaction of FLP molecules with each of the three 13 base pair symmetry elements. These complexes were named complexes I, II and III (1) . DNasel footprinting studies have shown that FLP protects about 50 base pairs of DNA from nuclease digestion (2) . DMS protection and interference studies have shown the interaction of FLP with the N7 position of guanines in the major grooves and the N3 position of adenines in the minor grooves of the symmetry elements (3, 4) .
In an attempt to increase our understanding of the protein-DNA interaction, we have extended footprinting studies of the symmetry elements of the FRT site. We have chosen DMS, AcHAQO and KMnO 4 as footprinting reagents. DMS was used to detect residues contacted by FLP in the minor and major grooves of DNA that were protected against methylation.
Protection against modification by AcHAQO was also indicative of both major and minor groove contacts. Furthermore, modification of thymines in the major groove by KMnO 4 interfered with FLP binding. Finally, we have demonstrated that the core of the FRT site remained double-stranded upon FLP binding.
MATERIALS AND METHODS Plasmid fragments and FLP protein
The plasmid fragments used in this study are shown in Figure 1 . Plasmid pBAl 12 contains a single FRT site and has been described elsewhere (2) . The 80 base pair BcmW-EcoRI fragment from this plasmid was dephosphorylated, 5'-labelled and used for all experiments involving a complete FRT site. Plasmid pLBl contained a single 13 base pair symmetry element (symmetry element c) and 4 base pairs of the adjacent symmetry element b. The plasmid was digested with BamHI. The linear fragment was either labelled at its 5'end with polynucleotide kinase or at the 3'end with reverse transcriptase. A second restriction enzyme digestion was made with HaeUl and a 57 base pair fragment was used for the missing nucleoside experiment. The FLP used was a Sephacryl S300 fraction (85 % pure) that contained 80 units/jd (5) .
DMS methylation protection
DNA fragments labelled on either the top or bottom strands were dissolved in 60/il of a buffer containing 5mM Tris-HCl, pH 7.6, 12.5mM NaCl, 2.5mM MgCl 2 (Buffer A) containing 50mM Na Cacodylate pH 8.0, 0.5mM EDTA and 2jig calf thymus DNA. Approximately 240-360 units of FLP were added and the mixture was incubated for 20 minutes at room temperature. Then, 0.5/il of DMS was added, and after one minute at room temperature, 6/tl of tracking dye were added and the mixture was loaded on a 5% polyacrylamide gel. The gel was electrophoresed as described previously (6) . The FLP-bound and unbound fractions of DNA were located by autoradiography, excised and eluted. DNA was depurinated at 90°C for 10 minutes and strand breaks were generated by heating with NaOH at 90°C for 5 minutes. The DNA was precipitated and dissolved in 2/tl of dye for denaturing gel electrophoresis (6) . : To whom correspondence should be addressed Protection against modification with AcHAQO AcHAQO was prepared as described previously (6) . DNA fragments were dissolved in 60/tl of a Buffer A containing 2/ig calf thymus DNA. 240-360 units of FLP were added and the reaction was incubated at room temperature for 20 minutes. One microlitre of the AcHAQO preparation containing 40/tg of AcHAQO was added and the reaction was incubated at 37 °C for 10 minutes. 6/tl of loading dye were added and the mixture was loaded on to a 5% poly aery lamide gel, electrophoresed and fragments were isolated as described above. The major and minor groove footprinting with AcHAQO-modified DNA was done with piperidine and T4 polymerase exonuclease, respectively, as described (6) .
Thymine specific modification by KMnO 4 and binding interference experiment
The radiolabelled DNA was dissolved in 50/il of Buffer A denatured at 95 C C for 2 minutes and cooled in ice water. 3/nl of 2mM potassium permanganate solution were immediately added and the samples were incubated at 20°C for 8 minutes. The reaction was stopped by adding 100/tl of stop buffer (1.5M sodium acetate, pH 7.0/1.0 M /3-mercaptoethanol) and 350/*l water. After two ethanol precipitations, the DNA was dissolved in 10/tl hybridization buffer (lOmM Tris-HCl/lmM EDTA/30mM NaCl, pH 8.0), heated to 60°C for 5 minutes and slowly cooled to room temperature. The DNA was precipitated again with ethanol. The modified substrate was incubated with 5 -10 units of FLP in 60/*l buffer A containing 2/tg calf thymus DNA. After 20 minutes at room temperature, 6)tl of loading dye were added and mixture was loaded on to a 5% acrylamide gel. Various complexes were isolated after electrophoresis on a 5 % polyacry lamide gel. The DNA was cleaved at modified thy mines by heating with 1 M piperidine at 90°C, lyophilized and analyzed on a denaturing polyacry lamide gel. KMnO 4 protection experiment to search for single-strand DNA upon FLP binding DNA fragments, 5'-labelled on either the top or bottom strand, were dissolved in 50/tl of Buffer A containing 2/jg calf thymus DNA. FLP (120 units) was added and the mixture was incubated for 20 minutes at room temperature. Then 1^1 of a 2mM potassium permanganate solution was added and the incubation was continued for 8 minutes at room temperature. Reactions were processed as described above and suspended in sequencing dye. In a duplicate experiment, the DNA was analyzed on a nondenaturing 5% acrylamide gel after incubation with potassium permanganate. The FLP-bound DNA fragments were isolated, precipitated with ethanol and analyzed on a sequencing gel. Controls were also done in which native or denatured DNA was treated with potassium permanganate in the absence of FLP.
Missing base probing of a substrate containing a single symmetry element 5'labelled DNA fragments were modified with either hydrazine, to remove C and T residues or with formic acid, to remove G and A residues, according to the standard Maxam and Gilbert protocols (7) . The modified DNA fragments were incubated with 1/il of FLP protein (0.56 mg of protein/ml, 3000units per ml,(4) for 20 minutes at 30°C in a 70^1 reaction buffer (50mM TrisHCl,pH 7.4, 33mM NaCl, 5mM MgCl 2 and lOOMg/ml calf thymus DNA). The unbound and FLP-bound DNA fragments were purified from a 5% acrylamide gel, cleaved with hot 1 M piperidine and analysed on an 8% acrylamide sequencing gel.
Densitometry
Autoradiograms were scanned with a LKB ultroscan XL laser densitometer to produce profiles from which the relative intensity of each band was measured.
RESULTS

Methylation protection and enhancement at N7-guanine and N3-adenine bases in FLP-FRT site complexes
Of the several methods that are available to probe the sequence specific recognition of DNA by proteins, protection from methylation by DMS has been one of the most widely used (8) . DMS methylates double-stranded DNA at the N7-position of guanine in the major groove and N3-position of adenine in the minor groove. Any protection of the DNA against methylation in the presence of protein suggests a close proximity of the protein and the protected base. On the other hand, enhanced methylation can be explained either by a structural alteration of the DNA induced by binding of the protein, leading to a more exposed reaction site, or by the formation of a hydrophobic pocket by the protein on the DNA attracting the reagent and increasing its local concentration.
Bruckner and Cox (3) have studied the interaction of FLP protein with a substrate containing two symmetry elements by using a DMS footprinting method in which the FLP-bound complexes were not separated from unbound substrate before cleavage. In another study of the FLP-FRT interaction by the DMS footprinting method, only the G-specific cleavage was performed (4) . In the present study, an attempt has been made to gather further knowledge about the interaction of FLP by a G> A specific cleavage reaction using DNA from FLP-DNA complexes in which FLP was bound to each of the three symmetry elements.
In order to determine the nature of the interaction of FLP with the three symmetry elements, FLP was incubated with a 5' endlabelled fragment of DNA containing a wild-type FRT site and then reacted with DMS. The complexes were then separated on a native polyacrylamide gel. Unbound DNA and the DNA from complex III were isolated, depurinated at the modified G and A residues, cleaved with alkali and analyzed on a denaturing polyacrylamide gel (Figure 2a ). The autoradiograms were scanned to determine to protection and enhancement.
Significant protection of guanine and adenine residues was observed at several positions in both top and bottom strands of symmetry elements a, b and c. Cleavage of the guanines of position 1 of the top strand was enhanced. Although the guanine of the position -3 of bottom strand appears to be enhanced, the densitometric measurement of intensity of this band relative to other bands in the same lane did not reveal any enhancement. These results are summarized in Figure 2 (b). Adenines at positions -12, -13, -26, -27 of bottom strand and positions 12 and 13 of top strand did not show any protection or enhancement. Incidentally we observed non-specific modification of thy mines in the top strand at positions -13, -26 and -27. These positions were protected by bound FLP. This result was confirmed by the finding that modification of the same thymines interfered with binding of FLP (see Figure 6 , below). Our observations agree with those of Buckner and Cox (3) except that we find more protected adenines and guanines than they did (eg: adenine positions -8, 6, 8 and 16; guanine position 17). Our assay should be more sensitive than those of Bruckner and Cox since we isolated the FLP-DNA complexes before cleavage with alkali. Since protection of guanine and adenine residues occurs, we conclude that specific contact points of purine residues identified by methylation protection are located in both the major and minor grooves of the DNA. 
Protection against modification of guanines at the C8-position by AcHAQO
The hydroxyquinoline derivative, AcHAQO is a useful reagent for the study of protein DNA interactions because it gives information about both major and minor groove contacts as well as an indication of the single-stranded or double-stranded conformation of the DNA. AcHAQO reacts with DNA to form adducts at the C8-and Impositions of guanine and with the N 6 -position of adenine (9, 10) . Piperidine treatment cleaves the DNA at sites containing a C8-guanine adduct which is in the major groove of DNA whereas the N 2 and N 6 modifications are not cleaved. AcHAQO was used as a footprinting reagent to study the sequence-specific interaction of the E.coli protein, IHF with its target DNA (6) . These experiments supplied structural information that was not apparent from DMS footprinting experiments.
To gain further knowledge about the interactions of FLP with guanine in the major groove, 5' end-labelled DNA fragments were incubated with FLP and modified in presence of AcHAQO. The unbound and FLP-bound DNA fragments were isolated from a polyacrylamide gel, cleaved with piperidine and analyzed on a denaturing gel (Figure 3a) . The results of the experiments are summarized in Figure 3b The guanines at positions -17 and -18 were protected against modification of AcHAQO whereas in the DMS study they were not protected from DMS modification. The reactivity of both the compounds with the guanines of the core is enhanced. The protection of the C8 position of guanines confirms that the interaction of FLP binds in the major groove of the DNA.
Protection against modification of guanines at the r^-position by AcHAQO As described above AcHAQO reacts with DNA to form adducts at the C8-and N^-position of guanine. However only the l^-guanine adduct blocks the 3'-5' exonuclease activity of phage T4 DNA polymerase (11) . When the modified DNA is digested with T4 polymerase and analysed by denaturing polyacrylamide gel electrophoresis a G-ladder is obtained which indicates the position of N 2 -guanine adducts formed. Since the N 2 -position of guanine is located in the minor groove of DNA, this technique can be used to assess the interactions of a DNA binding protein with the guanines in the minor groove.
5' end-labelled DNA fragments were incubated with FLP and then modified with AcHAQO. FLP-DNA complexes and free DNA were isolated and digested with T4 DNA polymerase to examine modification of the N 2 -positions of guanines (Figure 4a ). When the ^-position of guanine is protected from modification, no pausing by the exonuclease is observed. This protection is indicative of the presence of FLP protein in the vicinity of a guanine in the minor groove. Protection of all the guanines in the symmetry elements was seen (Figure 4b) . Pausing of the exonuclease at the guanines in the core was enhanced.
The FLP-induced cleavage product is seen to migrate faster than the corresponding products of T4 exonuclease digestion. This shift is equivalent to 3 nucleotides on the bottom strand and 2 nucleotides on top strand. The reason for the shift is shown in the Figure 5 and is explained as follows: the 3' end of the FLP cleavage product contains the terminal phosphate (2,3) whereas DNA fragments generated by the T4 exonuclease contain a 3'-OH group. It has been demonstrated that a polydeoxynucleotide containing 30 nucleotides or less and lacking the terminal phosphate migrates in a polyacrylamide gel as if it were 1 nucleotide longer than the same polynucleotide bearing a terminal phosphate. The mobility difference decreases to zero as the size of the polynucleotides became larger than 50 (12) . In the bottom strand, the FLP cleavage product is 23 nucleotides long and hence would comigrate apparently with a 22 nucleotide fragment that lacked a terminal phosphate. The FLP cleavage product of the top strand is 52 nucleotides and therefore will not show this difference. The AcHAQO-modified DNA fragment remaining after the action of T4 polymerase contains 2 extra nucleotides, 3' to the adduct (11) . Hence the exonuclease digestion products resulting from arrest by the AcHAQO modification, appear to comigrate with fragments that are 3 nucleotides (bottom strand) or 2 nucleotides (top strand) longer than the corresponding fragment produced by FLP cleavage. The FLP cleavage product, in turn, comigrates with a fragment that is apparently one nucleotide longer (i.e. slower) than the corresponding band from a Maxam-Gilbert sequencing ladder, Figure 5 and (2).
Interference with the binding of FLP to the FRT site modified by potassium permanganate at thymine
The symmetry elements and the core of the FRT site contain several thymines whose contacts with FLP have not been studied. Potassium permanganate primarily modifies thymine in singlestranded DNA by oxidizing the 5,6-double bonds to form thymine glycols (13, 14) . Treatment with piperidine results in strand breakage and analysis of the DNA on a sequencing gel generates a ladder indicative of thymine residues.
We measured how modification by potassium permanganate would interfere with the binding of FLP. A 5'end-labelled DNA fragment was denatured, reacted with potassium permanganate and renatured. The concentration of potassium permanganate was kept low to achieve only the thymine glycol type of modification and to avoid further oxidation products of thymine. The doublestranded DNA was incubated with FLP and FLP-bound and unbound fragments were isolated from a band shift gel. The DNA in these complexes was treated with piperidine so as to break the phosphodiester backbone at the position of a modified thymine and the resulting fragments were separated in a denaturing polyacrylamide gel. Interference with FLP binding by modification of the thymines is indicated where bands from isolated FLP-DNA complexes are less intense than the corresponding bands from uncomplexed DNA (Figure 6a ). On the bottom strand it was apparent that there were large differences in the efficiency of potassium permanganate modification at various thymines, even though the DNA was denatured and thus presumably single-stranded prior to chemical treatment. However it appears that, due to the fact that symmetry elements a and b are inverted repeats, a stem-loop structure may have formed in solution during modification reaction. This structure would localize thymines in the elements a and b to the double stranded stem and those in the core element to a single-stranded loop and would explain the low reactivities of thymines at positions -16, -15, -8, 7, 9, 12, 13 and the high reactivity of the thymines at positions at positions -1,2,3,4. The formation of a hairpin loop is also supported in figure 8 . The low level of permanganate modification at thymines within the stem of the structure made it difficult to assess unambiguously the degree of binding interference at these sites (especially thymines of positions +13, -15 and -16). We observed no differences between unbound and bound DNA when high concentrations of FLP were used (data not shown). This result demonstrates that high levels of FLP could overcome interference with binding of FLP that was caused by the modification of a single thymine residue. For later experiments we used subsaturating concentration of FLP. Under these conditions, differences between complex IE and uncomplexed DNA were readily observed (Figure 6a ). In particular modification of the top strand thymines showed more interference than modification of the bottom strand thymines. Modification of the thymines of the symmetry element a of the bottom strand caused interference whereas none of the modifications of thymines in symmetry element b had any effect on binding. -adenine adducts formed are 50%, 30% and 10% respectively (9,10). However, preferential formation of the C8-guanine adduct is observed when AcHAQO is reacted with single-stranded DNA (16) . In figure 3a , the guanines at positions -3 and 1 show hypercleavage at the core. These hypercleavages might be due to the single-stranded character of the core, which would predict that the C8-guanine adduct would predominate. The N 2 -and C8-guanine adducts can be distinguished by their sensitivity to the T4 polymerase exonuclease. The C8-guanine adduct does not impede digestion by the exonuclease whereas the N^adduct does. As can be seen in figure 4 (a) , when the AcHAQO-modified DNA was treated with the exonuclease, pausing of the exonuclease at the guanines at positions -3 and 1 was enhanced. We conclude that the modification of the -3 and 1 guanines is of the N 2 type. Hence we conclude that the core region is predominantly duplex DNA.
We also used potassium permanganate as a probe for singlestranded DNA (13, 14) . 5'end-labelled DNA was incubated with FLP protein and then treated with potassium permanganate (figure 8). Lanes 1 and 2 show that potassium permanganate modifies the thymines of single-stranded but not duplex DNA. In lane 3 the FLP-DNA complexes were not isolated from a gel whereas in lane 4, gel-purified complex IE material was used for cleavage. FLP remained bound to the FRT site after permanganate treatment (i.e. complex HI material could be gel purified as shown in lane 4). Hypercleavage at thymine residues was not seen in either lane and hence we conclude that the core remains doublestranded upon binding by FLP.
Missing base experiment with single symmetry element
We have found previously (1,4) and have confirmed above, that it is difficult to observe either chemical protection by FLP or interference with FLP binding when a single symmetry element of the intact FRT site is examined. The interference effect of KMnO 4 upon FLP binding could only be observed when moderate levels of FLP were used and when complex III was examined (see figure 6 ). In order to learn which nucleotides were important for binding of FLP to a single symmetry element, the substrate containing only symmetry element c was first treated with either formic acid or hydrazine to remove purines or pyrimidines, respectively. The modified DNA was used to determine whether the absence of a single base interfered with the binding of FLP. The result showed that removal of virtually any base from either the top or bottom strand of a single symmetry element had a marked effect on binding of FLP to that element ( figure 9a,b) .
DISCUSSION
The present work identifies further interactions between FLP protein and the FRT site. In particular we have examined major groove contacts with guanine and thymine residues using DMS and potassium permanganate, respectively. Minor groove contacts with guanine and adenine were studied using AcHAQO and DMS, respectively.
In the presence of FLP protein, methylation of guanines and adenines by DMS was inhibited in each of the three symmetry elements ( figure 7) .
In the present study and that Bruckner and Cox, the adenines of positions -12, -13, 12 and 13 were not protected, indicating that these bases were not contacted closely by FLP. However, in the missing base experiment with a single symmetry element, signals were obtained at the respective adenine positions (Figure 9 b, positions -26 and -27 ). In the missing nucleoside experiment, an entire base is removed chemically (17) . The missing nucleoside signal obtained could be due to the absence of a base contact other than the N3-position of adenine. Alternatively the signal could be due to overall structural deformities to DNA caused by the missing base.
When AcHAQO was used as a footprinting reagent for FLP, the guanines in the symmetry elements were protected from AcHAQO modification at the C8-position of guanine. This result is similar to the result obtained with DMS footprinting except that two additional guanines (positions -16 and -17) were protected from modification by AcHAQO. The likely explanation for this difference may reside in the different sizes of the footprinting reagents. The two FLP molecules occupying symmetry elements b and c allow DMS to reach the G residues whereas AcHAQO cannot penetrate. The guanines in the core show enhanced cleavage (positions -3 and 1) upon AcHAQO modification. A similar result is obtained with DMS (3,4 and this work).
In addition to showing major groove contacts, AcHAQO, when coupled with digestion by T4 DNA polymerase-exonuclease, also demonstrates contacts with G residues in the minor groove. Similarly, FLP protects the guanines from AcHAQO modification in the minor groove. Only one G (position 31) which showed protection from modification via the minor groove side was not protected from the major groove side. Again the Gs in the core showed enhanced reactivity as assayed by the T4 polymeraseexonuclease. We have adduced two lines of evidence that this enhanced activity to both DMS and AcHAQO is not due to the single-stranded character of the core upon FLP binding.
The conformation of the core DNA has been examined recently with MPE, a compound which intercalates into double-stranded DNA. Since it was observed that the MPE cleaved both strands of the core DNA, it was concluded that core DNA was doublestranded (18) . However, in the same study it was found that the core DNA reacted with 5-0-OP-Cu as if it were single-stranded. At present we do not know the reason for the discrepancy among these results.
The role of thymine in FLP binding has been studied using an interference assay. Potassium permanganate was used to modify the thymines in single-strand DNA and the modified DNA was renatured prior to use in an interference assay. The assay revealed several thymine contacts of FLP protein indicating the importance of the methyl group of thymine in the process of sequence recognition by the FLP.
The missing base experiment can identify bases that contribute to a binding interaction. Our study with a single symmetry element c shows that removal of virtually any base interferes with the binding of FLP protein. Kimball (18) previously reported missing nucleoside experiments in which a substrate containing three symmetry elements was used. The removal of the bases at positions T7, A8, G14, A15 of the top strand and A9, G10 of the bottom strand interfered with the FLP binding. The cooperative binding of FLP to symmetry elements a and b has been reported previously (1, 15, 19, 20, 21) . The discrepancy between these two studies might be due to the fact that our experiments used a DNA fragment containing only a single symmetry element, whereas Kimball's substrate contained an intact FRT site. Thus cooperativity in binding of FLP to adjacent symmetry elements may have obscured some signals. It is also possible that some missing contact signals might have been obscured if too high a level of FLP protein was used.
The present study adds considerable detail to our understanding of the contacts of FLP with the FRT site. We used probes that reveal contacts with both major and minor grooves of DNA. The contacts are summarized in figure 7 which shows a planar representation of B-DNA. It is clear that FLP shows extensive contacts with both major and minor grooves of a 10 bp stretch of each symmetry element. Inspection of the amino acid sequence of the FLP protein reveals no obvious DNA binding motif (22) . However our studies suggest the DNA binding elements must cover one helical turn of both major and minor grooves. It is possible that the sequence specificity of the recognition mechanism lies in the binding of the major groove and the minor groove binding may be secondary. The extensive minor groove interactions might suggest the presence of /3-pleated sheet in the FLP protein which may bind non-specifically to the minor groove. Alternatively, the sequence specific interactions could also be mediated via minor groove contacts (23) . Furthermore, as the projection in figure 7 reveals, the FLP molecules bound to symmetry elements would contact both the faces of the helix. Such extensive contacts might be necessary to support the large bend (> 140°) that the FLP protein induces upon binding to symmetry elements a and b (15) .
